Avoiding collateral damage to healthy tissues during the high intensity focused ultrasound (HIFU) ablation of malignant tumors is one of the major challenges for effective thermal therapy. Such collateral damage can originate out of the need for using higher acoustic powers to treat deep seated or highly vascularized tumors. The objective of this study is to assess the utility of using magnetic nanoparticles (mNPs) during HIFU procedures to locally enhance heating at low powers, thereby reducing the likelihood of collateral thermal damage and undesired destruction due to cavitation. Tissue phantoms with 0% (control), 1% and 3% mNPs concentrations by volume were fabricated. Each tissue phantom was embedded with four thermocouples (TCs) and sonicated using transducer acoustic powers of 5.15 W, 9.17 W, and 14.26 W. The temperature profiles during the heating and cooling periods were recorded for each embedded TC. The measured transient temperature profiles were used for thermal-dose calculations. The increase in the concentration of mNPs in the tissue phantoms, from 0% to 3%, resulted in the rise in the peak temperatures for all the TCs for each acoustic power. The thermal dose also increased with the rise in the concentration of mNPs in the tissue phantoms. For the highest applied acoustic power (14.26 W), the peak temperature at TC 1 (T1) in tissue phantoms with 1% and 3% mNPs concentrations increased (with respect to tissue phantom with 0% (control) mNPs concentration) by 1.59Â and 2.09Â, respectively. For an acoustic power of 14.26 W, the time required to achieve cellular necrosis as defined by a 240 equivalent min thermal dose was approximately 75 s in the absence of mNPs, 14 s for the 1% concentration, and 8 s for the 3% concentration. Magnetic nanoparticles have the potential to significantly reduce the time for HIFU thermal-ablation procedures. They can also decrease the likelihood of collateral damage by the propagating beam in HIFU procedures by reducing the intensity required to achieve cellular necrosis.
Introduction
HIFU is a noninvasive medical procedure with a significant potential for a variety of therapeutic applications. Some of the medical applications of HIFU include tumors ablation, drug delivery, hemostasis, and gene activation [1] . Unlike other hyperthermia techniques, HIFU ablation is completely noninvasive with minimum patient recovery time [2] . During HIFU ablation procedures, the mechanical energy of acoustic waves converts to thermal energy as the ultrasound propagates through the tissue. The localized temperature rise causes rapid cell death, or necrosis, in the targeted region [2] . In order to ensure safety and efficacy of HIFU devices, preclinical evaluations of the thermal and acoustic field generated by the HIFU transducers are necessary. Preclinical testing of HIFU systems has been performed using computational modeling [3] [4] [5] [6] [7] , ex-vivo [8] [9] [10] [11] or in-vivo [12] [13] [14] [15] animal tissues, and tissue phantoms [16] [17] [18] [19] . The advantage of using phantoms with tissue mimicking material (TMM) is that such test sections can be reused repeatedly without affecting acoustical and thermal properties, which can be made similar to that of human tissue [20] .
Despite the advancements of HIFU in recent years, there are still several factors limiting its application in thermal ablation. For example, the efficacy of HIFU in ablating the larger and deeper tumors can be low, as the ultrasound intensity attenuates exponentially with the increase of depth in tissue [21, 22] . In addition, the blood flow through a large vessel can significantly reduce the temperature elevation, when the HIFU focus is close to the vessel wall [23] [24] [25] . The HIFU energy deposition in larger or highly vascularized tumors can be enhanced by increasing either the ultrasound power or sonication time [22, 26] . However, increasing the acoustic power or exposure time can lead to unnecessary heating of surrounding normal tissues, causing collateral damage to healthy tissues such as nerve injury and skin burns [26] . Therefore, it is advantageous to seek methods for better efficacy of HIFU thermal therapy using low ultrasound power and short exposure time.
Ultrasound contrast agents can be used to improve the therapeutic efficacy of HIFU procedures. In the studies by Luo et al. [26] and Tung et al. [27] , microbubbles were used as ultrasound contrast agents to enhance energy deposition in the HIFU focal region. The presence of microbubbles near the HIFU focus also resulted in larger lesions [28] . Similarly, Tran et al. [29] reported that the requisite ultrasound intensity and exposure time can be reduced by the administration of contrast microbubbles.
In addition to ultrasound contrast agents, mNPs can also be used to enhance the HIFU thermal ablation of cancer tumors. In the study by Quanyi et al. [30] , mNPs were incorporated into an interface layer in an egg white phantom radiated by HIFU. It was reported that the lesion volume was enlarged when the acoustic focal region was close to the interface. More recently, Ho et al. [31] examined the effect of magnetic (Fe 3 O 4 ) nanoparticle agglomerates on the destruction of tumor spheroids using HIFU ablation. Hela multicellular spheroids were insonated in the presence and absence of mNPs agglomerates. They found that the magnetic nanoparticle agglomerates can increase the degree of HIFU induced inertial cavitation, possibly at higher temperatures, and consequently enhance the rate of destruction of tumor spheroids. However, no examination was performed to investigate the effect of mNPs on the HIFU induced temperature rise in the absence of inertial cavitation. In another study, supermagnetic poly(lactic-co-glycolic) acid (PLGA) microcapsules (Fe 3 O 4 / PLGA) were administered into a rabbit breast cancer model to evaluate the in-vivo HIFU synergistic ablation efficiency caused by the introduction of such microcapsules [32] . It was found that the volume of coagulative necrosis was substantially larger after the injection of Fe 3 O 4 /PLGA microcapsules compared to the group without this agent. The results showed that Fe 3 O 4 /PLGA microcapsules could improve the ablation efficiency of HIFU at a lower power and shorter exposure duration. However, the impact of using different amounts of Fe 3 O 4 in the synthesis process was not studied.
Gold nanoparticles-coated, perfluorohexane-encapsulated, and PEGylated mesoporous silica nanocapsule-based enhancement agents (MSNC@Au-PFH-PEG, abb. as MAPP), were also used as an intensified ultrasound-guided HIFU enhancement agent [33] . It was found that the ultrasound-guided HIFU therapy ex-vivo and in-vivo with MAPP can be highly efficient on rabbit VX2 xenograft tumor ablation due to both thermal energy accumulation and PFH bubble cavitation.
In the present study, the effect of mNPs (Fe 3 O 4 ) on the HIFU induced temperature rise and thermal dose was assessed. Tissue phantoms with 0% (control), 1% and 3% mNPs concentrations by volume were fabricated. Each tissue phantom was embedded with four TCs and sonicated using transducer acoustic powers of 5.15 W, 9.17 W, and 14.26 W. The temperature profiles during the heating and cooling periods were recorded at each embedded TC. The measured transient temperature profiles were used for thermal dose calculation. The temperature profiles as well as the thermal doses at each TC were compared for the three different concentrations for each acoustic power to quantify the effect of mNPs. ) were developed. Each fixture was embedded with an array of four thin-wire (Chromega-Constantine) TCs with the diameter of 0.003 in, labeled T1-T4, arranged in two layers (Fig. 1) . The TC standard limit of error (above 0 C) was greater of 1.7 C or 0.5% of the measured temperature based on the TC accuracy chart provided by the company. Each layer had two TCs with wires that were parallel to each other, and the TC wires in one layer were oriented 90 deg to those in the other layer. The two TCs in each layer were separated by a distance of 4 mm, and each layer was 3 mm in axial extent away from the adjacent layer.
A 40 mL gelrite-based TMM was prepared according to the protocol of King et al. [19] . Properties of the TMM are presented in King et al. [19] . To prepare a tissue phantom with 0% mNPs concentration by volume, the 40 mL liquid TMM was poured into the first fixture (volume ¼ 35.34 cm 3 ) until the fixture was filled. To construct the tissue phantom with 1% mNPs concentration, the following mixture was first created. 10.26 mL of water-based ferrofluid (EMG705 series, Ferrotec (USA) Corporation, Nashua, NH) with a magnetic (Fe 3 O 4 ) biocompatible particles concentration of 3.9% by volume and a particle size of 10 nm was diluted with 29.74 mL of water (10.26 mL þ 29.74 mL ¼ 40 mL) and then mixed with the TMM raw materials following the King et al. [19] protocol. The resulting mixture was poured into the second fixture (volume ¼ 35.34 cm 3 ) until the fixture was filled. In order to prepare a mNPs infused tissue phantom with 3% concentration by volume, a 30.77 mL of the provided EMG705-ferrofluid was diluted with 9.23 mL of water (30.77 mL þ 9.23 mL ¼ 40 mL) and then mixed with the TMM raw materials following the King et al. protocol [19] . The resulting 40 mL liquid mixture was then poured into the third fixture (volume ¼ 35.34 cm 3 ) until the fixture was filled. Thus, three tissue phantoms with the mNPs concentrations (by volume) of 0%, 1%, and 3% were developed and each tissue phantom was embedded with four TCs. It should be noted that the three tissue phantoms were kept at room temperature for about 12 h so that the poured liquid in the fixtures solidified completely.
Micro-Computed Tomography (Micro-CT) Imaging.
High resolution micro-CT (Inveon CT, Siemens, Germany) was used to scan the three tissue phantoms with 0% (control), 1% and 3% mNPs concentrations (Fig. 2) , to differentiate between the tissue phantoms using imaging modalities. The micro-CT images (100 lm/voxel) were brighter for tissue phantoms with higher mNPs concentration (Fig. 2) . The Hounsfield Unit (HU) values were -191, -34, and 285 for tissue phantoms with 0%, 1%, and 3% mNPs concentration, respectively. Amplifier Research). The transducer and the tissue phantoms resided in a tank of degassed water. A holding rod was mounted to the transducer housing and was parallel to the transducer axis of symmetry ( Fig. 3(a) ). The holding rod was attached to an x-y-z positioning system that was capable of adjusting any of the coordinates in discrete 0.025 mm increments.
Sonication Procedure.
The following procedure was performed for sonicating each of the phantoms. First, the rod holding the transducer, the tissue phantom axis of symmetry and the z-axis of the positioning system were placed parallel to each other ( Fig. 3(a) ). The HIFU beam axis was thus parallel to the axis of symmetry of tissue phantom, while the TC wires were perpendicular to the beam axis. T1 and T2 TC wires were parallel to the y-axis while T3 and T4 wires were parallel to the x-axis of the positioning system ( Fig.  3(b) ). In order to find the T1 junction, the beam was moved inside the tissue phantom, using the 3D positioning system, until the maximum temperature rise for T1 was observed during a brief sonication period (10 s). After positioning the beam on the T1 junction ( Fig. 3(b) ), the transducer was activated in a continuouswave mode at a time of 5 s for a period of 30 s. The temperature on the full array, i.e., T1, T2, T3, and T4, was recorded using an OMB-DAQ-56 (Omega Engg. Inc., Stamford, CT) data acquisition system over the 5 s presonication period, 30 s heating period, and 40 s cooling period (total time ¼ 75 s). The temporal resolution of the temperature measurements was 0.5 s. A heating period of 30 s was chosen because it yielded a temperature just short of boiling when the highest power and highest mNPs concentration were used. Three transducer acoustic powers of 5.15 W, 9.17 W, and 14.26 W were used. These powers correspond to values at which the transducer was previously calibrated using a radiationforce balance. Three trials (n ¼ 3) were performed for each power level. After each trial, the tissue phantoms were allowed to cool down to the ambient water temperature.
Thermal Dose.
The thermal dose at each TC (T1, T2, T3, and T4) was calculated using the corresponding transient temperature profile, according to the method developed by Sapareto and Dewey [34] . The thermal dose parameter is expressed as 
Results
The HIFU induced temperature rise was measured using embedded TCs in tissue phantoms with three different mNPs concentrations (0% (control), 1% and 3%). The temperatures of the degassed water and the presonication tissue phantoms were 23.6
C. The measured temperatures at each TC (T1, T2, T3, and T4) were averaged over three trials for each acoustic power level (5.15 W, 9.17 W, and 14.26 W). Although the temporal resolution of measurements was 0.5 s, the error bars were shown at every 2 s for all the temperature plots to provide better clarity. Results are presented as mean 6 SD.
Figures 4(a)-4(c) show the HIFU induced transient temperature profiles at T1 in tissue phantoms with various mNPs concentrations (0%, 1%, and 3%) using acoustic powers of 5.15 W, 9.17 W, Fig. 4 Temperature profiles at T1 in tissue phantoms with 0%, 1%, and 3% mNPs concentrations using acoustic power of (a) 5.15 W, (b) 9.17 W, and (c) 14.26 W and 14.26 W, respectively. Since these sonications were performed directly atop T1, the temperature readings are subject to TC artifact (Morris et al. [35] ). However, it was assumed that the artifact was comparable for the three nanoparticle concentrations. The peak temperature at T1 for the acoustic power of 5.15 W (Fig. 4(a) ), increased from 30.87 6 0.03 C for 0% mNPs concentration to 40.71 6 0.05 C for 1% mNPs concentration, and then to 52.42 6 0. 19 C for 3% mNPs concentration. Using the acoustic power of 9.17 W (Fig. 4(b) ), the measured peak temperature at T1 increased from 38.08 6 0.07 C for 0% mNPs concentration to 52.87 6 0.04 C for 1% mNPs concentration, and then to 85.32 6 0.28 C for 3% mNPs concentration. Similarly, the T1 measured peak temperature for the power of 14.26 W (Fig. 4(c) ) increased from 44.67 6 0.18 C to 70.97 6 0.14 C and then to 93.16 6 0. 13 C for mNPs concentrations of 0%, 1%, and 3%, respectively.
The
T2 was the farthest TC from the beam axis and the measured temperature at T2 was not affected by the artifact as for T1 TC. The peak temperature at T2 (Fig. 5) shifted to times greater than 35 s (i.e., beyond the end of sonication) as heat diffused from the most intense part of the beam near T1. The peak temperature at T2 for the power of 5.15 W (Fig. 5(a) ) increased from 24.85 6 0.04 C for 0% mNPs concentration to 26.15 6 0.04 C for 1% mNPs concentration, and then to 28.52 6 0. 25 C for 3% mNPs concentration. For the acoustic power of 9.17 W (Fig. 5(b) ), the peak temperature at T2 increased from 25.74 6 0.11 C to 28.07 6 0.03 C, and then to 32.93 6 0.001 C for mNPs concentrations of 0%, 1%, and 3%, respectively. For the power level of 14.26 W (Fig. 5(c) ), the measured peak temperatures at T2 were 26.94 6 0.04 C, 30.68 6 0.07 C, and 37.23 6 0.04 C for 0%, 1%, and 3% mNPs concentrations, respectively.
The transient temperature profiles for T3 in tissue phantoms with three different mNPs concentrations are plotted in Figs. 6(a)-6(c) using acoustic powers of 5.15 W, 9.17 W, and 14.26 W, respectively. Similar to the temperature profiles at T1 and T2, the measured peak temperature at T3 increased with the increase in mNPs concentration for each applied power level. The rise in the measured peak temperatures at T4 with the increase in mNPs concentration are shown in Figs. 7(a)-7(c) for the power levels of 5.15 W, 9.17 W, and 14.26 W, respectively.
The increases in peak temperature at T1 in tissue phantoms with 1% and 3% mNPs concentrations with respect to tissue phantom with 0% (control) mNPs concentration are summarized in Table 1 , for all three powers. For the acoustic power of 5.15 W, the peak temperature at T1 increased (with respect to 0% mNPs concentration case) by 1.32Â and 1.70Â for mNPs concentrations of 1% and 3%, respectively. For the acoustic power of 9.17 W, the peak temperature at T1 increased (with respect to 0% mNPs concentration case) by 1.39Â for 1% mNPs concentration and 2.24Â for 3% mNPs concentration. Similarly, the peak temperature increase at T1 for the power level of 14.26 W was 1.59Â and 2.09Â for mNPs concentrations of 1% and 3%, respectively.
In contrast to heating, cooling within the phantom was essentially unaffected by the presence of the nanoparticles. While a larger decrease in temperature occurs in a given period of cooling time for the 1% and 3% mNPs cases, when normalized by the higher temperature rises occurring during the heating period, the cooling rate is essentially independent of mNPs concentration. Table 2 provides the time required for the temperature to drop to 50% of its peak value, for T1. No significant trends can be identified, either with acoustic power or nanoparticle concentration.
The thermal dose at each TC was computed using Eq. (1) and averaged over three trials. For all three powers (5.15 W, 9.17 W, and 14.26 W) and all three mNPs concentrations (0%, 1%, and 3%), the computed thermal doses at T1 are presented in logarithmic scale in Fig. 8(a) Figs. 8(c) and 8(d) , respectively. Similar to T1 and T2, the thermal doses for both T3 and T4 increased with the increase in mNPs concentration for each applied power.
In addition to thermal doses, the time required to achieve cellular necrosis-defined as a thermal dose of 240 equivalent minwas also computed. In cases (low power or low mNPs concentration) where the temperature rise was insufficient to produce an equivalent dose of 240 min, the heating curve was extrapolated to longer times using a curve-fitting procedure. A logarithmic fitting function was used; the regression coefficient R 2 was greater than 0.98 in each case. The time to achieve cellular necrosis was computed only for T1; the other locations were remote enough from the beam that necrosis was not achieved for the powers considered. In principle, the threshold for cell necrosis established for the particular organ and species should be used in thermal dose calculations. As these values are often not available, a value of 240 equivalent min is usually used. In the HIFU ablation studies by Righetti et al. [36] involving excised livers, a thermal dose of 243 min ($240 min) was used as the threshold for cell necrosis. The time to achieve cellular necrosis is shown in Table 3 . At the lowest power (5.15 W), a 100-fold decrease in the necrosis time was observed between the 0% concentration and the 3% concentration. At the highest power (14.26 W), the reduction in time-to-necrosis achieved by using a 3% mNPs concentration (relative to no nanoparticles) was less than at lower powers, but still about a factor of 10.
Discussion
The increases in temperature rise and thermal dose (Figs. 4-8 ) associated with small concentrations of nanoparticles are manifestations of a substantial increase in acoustic attenuation due to the presence of mNPs. Da˛bek et al. [37] report an increase of more than a factor of 2 in the acoustic attenuation of a liquid nanoparticle suspension, when the concentration of Fe 3 O 4 is increased to only 1%. Da˛bek et al. [37] cite two contributions to the attenuation that increase with increasing nanoparticle concentration: a viscous component, involving the difference in density between the nanoparticles and the surrounding medium, and a thermal attenuation, involving the difference in thermal properties between the nanoparticles and their surroundings. Given the small particle size relative to the acoustic wavelength, enhanced scattering due to the presence of the nanoparticles can be neglected, though this may not be possible if the nanoparticles form agglomerations within the phantom.
The increase in heat production associated with the enhanced attenuation can be observed in the initial slope of the temperature traces in Figs. 4-7 . For short times during early phase of sonication, thermal diffusion can be neglected, and the change in temperature is due solely to the absorption of acoustic energy. Mathematically, the temperature rise is linearly proportional to the heat production for small values of time. Table 4 provides the ratio of the initial slope of the temperature trace for a given nanoparticle concentration, normalized by the slope for the case of 0% mNPs. An initial time of 2.5 s was chosen to compute the initial slopes. The 2.5 s time was chosen because it was long enough that Table 1 The increase in peak temperature at T1 in tissue phantoms with 1% and 3% mNPs concentrations with respect to tissue phantom with 0% (control) mNPs concentration. the temperature rise due to ultrasound attenuation elevated above the TC noise level on the remote TCs, yet short enough that appreciable diffusion had not yet occurred. For T1, heat production in the presence of nanoparticles is between 1.7 and 6 as intense as the heat production without nanoparticles. For the 3% concentration, the heat-production ratio (with nanoparticles compared to without) greater than 1 for all TCs. At the 1% concentration, ratios less than 1 were observed on T2 and T4; this was likely due to the fact that the beam was positioned slightly closer to T2 and T4, and this positioning difference overwhelmed the effect of the increased attenuation in the presence of the mNPs. Given this uncertainty due to positioning differences, exact numerical values should not be inferred from Table 4 , however the trend of increase in heat production with increasing nanoparticle concentration seems clear. Besides uncertainties associated with positioning the beam atop a given thermocouple, slight differences in thermocouple location between fixtures is an additional source of uncertainty in the comparison between the experiments with and without nanoparticles. Care was taken to construct all phantoms in the same manner, and to pour the liquid gel into the fixtures without directly contacting thermocouples. Still, some thermocouple displacement during the fabrication process was possible. One measure indicating that thermocouples were located in approximately the same location in the different phantoms is the time required for the peak temperature to occur at remote thermocouple locations. At the locations remote from the beam, the peak temperature appeared at approximately the same time for the three fixtures. These times were later than the end of sonication time, since the peak temperature resulted from diffusion of heat generated near the beam axis. In the future, experiments will be performed using the same fixture with and without nanoparticles. After the control experiments without nanoparticles, nanoparticles will be injected into the region of interest with a syringe.
Further work is required to expand the single-location thermaldose computations featured in Fig. 8 into actual lesion volumes. This could be done with an expanded array, in conjunction with techniques for interpolating values within the array [38] . The results of Fig. 8 do indicate that mNPs infusion can decrease the acoustic power required to achieve cellular necrosis, thereby reducing the risk of collateral damage. This advantage is particularly valuable for deep seated or highly vascularized tumors. An additional advantage of nanoparticle infusion can be seen in the necrosis times in Table 3 : the presence of mNPs has the potential to substantially reduce the time for HIFU thermal ablation procedures. This is particularly valuable for large-tumor ablation [21] .
Conclusion
The HIFU induced temperature rise was measured using embedded TCs in tissue phantoms with different concentrations of mNPs for three distinct acoustic powers. The transient temperature profiles were then used to calculate the thermal doses for each power level. The mNPs increased the attenuation of tissue phantoms so that higher peak temperatures were achieved for the TMMs with greater concentrations of mNPs for all different powers. Consequently, higher thermal doses were obtained for greater concentrations of mNPs for all the applied powers. Therefore, in the presence of mNPs, lower acoustic powers can be used to achieve higher thermal doses. Thus, the required power to obtain the adequate thermal dose that is capable of causing cell necrosis in tumors can be reduced substantially with the use of mNPs. This could reduce the likelihood of damage to the healthy tissues caused by the application of higher acoustic powers for thermal therapy of deep seated or highly vascularized tumors. It can also reduce the time required for HIFU ablation procedures. Table 3 The estimated sonication time required to obtain the thermal dose of 240 equivalent min at T1. The sonication time for complete cell necrosis for "*" can be achieved below the heating period of 30 s selected for this study. Table 4 The ratio of the initial slope of the temperature trace, normalized by the slope for the case of 0% mNPs at each selected power. The "
0%

1
" is indicative of increase in initial slope of the temperature trace signifying enhanced acoustic attenuation with elevated mNPs concentration. 
